novo folding, the Hsp70s and the cylindrical chaperonins, are now well understood from in vitro studies (Bukau and Horwich, 1998). In contrast, the contributions of the same components to protein folding in vivo are as yet poorly characterized. , 1996). DnaK was, howAlthough the native structure of a protein is dictated by ever, found to be required for the survival of cells under its amino acid sequence, efficient protein folding in vivo various stress conditions and for the refolding of cerrequires assistance by molecular chaperones, at least tain stress-denatured polypeptides (Bukau and Walker, for a significant fraction of polypeptides
Introduction scent chains by cross-linking in an in vitro translation system failed (Hesterkamp et al., 1996) . DnaK was, howAlthough the native structure of a protein is dictated by ever, found to be required for the survival of cells under its amino acid sequence, efficient protein folding in vivo various stress conditions and for the refolding of cerrequires assistance by molecular chaperones, at least tain stress-denatured polypeptides (Bukau and Walker, for a significant fraction of polypeptides (Gething and 1990; Hesterkamp and Bukau, 1998; Rockabrand et al., Sambrook, 1992; Ellis, 1993; Hartl, 1996) . Molecular chap-1998). erones typically bind to hydrophobic amino acid resiAssociation with nascent chains has been observed dues exposed in unfolded polypeptides and release their for E. coli trigger factor (TF), an abundant chaperone substrates in a controlled manner, thereby preventing and peptidyl-prolyl cis/trans isomerase that binds to aggregation and promoting proper folding. The mecharibosomes (Lill et only chaperone system known to be absolutely essential wild-type cells were mixed during lysis, no radiolabeled polypeptides were associated with DnaK, indicating that complex formation between DnaK and newly syntheResults sized polypeptides occurred in the intact spheroplasts and not during or after cell lysis ( Figure 1A , lane 6).
A Wide Spectrum of Proteins Interact Transiently with DnaK
The profile of polypeptides bound to DnaK extended from small chains of less than 14 kDa to polypeptides DnaK-substrate complexes were analyzed by coimmunoprecipitation from pulse-chase-labeled E. coli sphelarger than 90 kDa, but in comparison to the total labeled proteins ( Figure 1A , lane 1), DnaK bound preferentially roplasts. Rapid lysis of spheroplasts on ice proved to be efficient in halting ATP-dependent DnaK cycling when to chains of ‫03ف‬ to 75 kDa ( Figure 1A, lane 3) . Taking the efficiency of DnaK precipitation ‫)%54ف(‬ into accombined with depletion of ATP from the extract by apyrase. Spheroplasts of the wild-type strain MC4100 count, the DnaK antibody precipitated 5%-10% of the total soluble polypeptides and 15%-20% of all polypepwere labeled with [ 35 S]methionine for 15 s at 30ЊC, a time sufficient to synthesize an average E. coli protein of 300 tides larger than 30 kDa that were synthesized within 15 s of labeling. However, the actual fraction of newly amino acid residues and to complete the synthesis of partially elongated larger proteins in labeled form, thus translated polypeptides interacting with DnaK is probably significantly greater, because Hsp70-substrate comavoiding the overrepresentation of larger polypeptides that contain a greater number of methionine residues plexes are known to be labile under the conditions of immunoprecipitation (Manning-Krieg et al., 1991; Fryd-(see Ewalt et al., 1997) ( Figure 1A, lanes 1 and 2) Figure 1A, lane 3) . These kDa), form chaperone complexes containing no more peptide complexes were performed to measure the flux of newly synthesized polypeptides through GroEL. As shown recently (Ewalt et al., 1997), in wild-type cells about 10% of newly synthesized polypeptides associated transiently with GroEL. Interestingly, the amount ( Figure 2B ) and pattern (data not shown) of total synthesized polypeptides that transit GroEL was essentially unchanged in ⌬dnaK cells, consistent with the near normal growth rate of the DnaK deletion strain under these conditions. Thus, ⌬dnaK cells achieve the same flux of newly translated polypeptides through GroEL as wild type, albeit at 3-fold higher GroEL levels. Efficient transfer from the ribosome to GroEL in ⌬dnaK cells was also observed for rhodanese, a 33 kDa protein that is highly dependent on GroEL for folding (Langer et al., 1992; Ewalt et al., 1997). Under conditions of lowlevel expression from the trc promoter, only soluble rhodanese was produced. The flux rates of rhodanese through GroEL in wild-type and ⌬dnaK cells were very similar, indicating that interaction with DnaK is not obligatory for this protein to reach GroEL (data not shown).
To explore the chaperone interactions of rhodanese in more detail, the protein was expressed in wild-type When expressed at 30ЊC to about 6% of total newly 15%-20% of full-length ␤-gal was recovered in a com- Figure 4C, lanes 2 and 3) . To determine whether nascent ␤-gal chains were bound to DnaK, to emphasize that these DnaK substrates were bound Figure 7A ) than observed in the MC4100 E. coli and then reprecipitated with anti-puromycin antibodies strain used above (see Figure 1) . Interestingly, the inter-( Figure 5, lanes 7 and 8) . Again, at least 20% of the action of DnaK with newly synthesized polypeptides in total DnaK-bound polypeptides were identified as nascent the ⌬tig strain differed in two aspects from that in wild chains by this procedure. This experiment also confirmed type. First, the fraction of newly translated polypeptides the preferential association of DnaK with nascent chains of ‫03ف‬ to 75 kDa recovered in a complex with DnaK in the size range of ‫57-03ف‬ kDa. Collectively, these was increased 2-fold ( Figures 7B and 7C) . Second, it results identify DnaK as a nascent chain-binding chapwas noted that the spectrum of polypeptides coimmuerone with a preference for chains larger than the avernoprecipitating with DnaK in the ⌬tig strain included an age length of an E. coli protein.
increased representation of shorter chains ( Figure 7B ; also see Figure 7D below).
Nascent Chain Binding of DnaK Is Modulated
Due to its specific association with the large ribosomal extracts of pulse-labeled wild-type and ⌬tig sphero-( Table 1) . As previously observed, such dnaK dnaJplasts and then reprecipitated with puromycin antibody deleted strains grow slowly at 37ЊC with a tendency to ( Figure 7D, lanes 3-6) . The total amount of DnaK-associrapidly accumulate extragenic suppressors and do not ated nascent chains was 2-fold greater in the tig-deleted grow at all at 42ЊC (Bukau and Walker, 1989). Unexpectcells than in wild type. Moreover, in the absence of TF, edly, we found that in other E. coli genetic backgrounds, the binding of DnaK to shorter nascent chains between such as W3110, the dnaK dnaJ operon cannot be de-‫22ف‬ and 35 kDa and below 22 kDa was significantly leted under the conditions analyzed at 37ЊC, indicated enhanced.
by the absence of Kan R transductants, unless DnaK and These results indicate that upon loss of TF, E. coli DnaJ are expressed from a plasmid (pDM38) in the same cells make more extensive use of the capacity of DnaK strain (Table 1) . Thus, it appears that the requirement to bind to nascent and newly synthesized polypeptides.
for the dnaK dnaJ operon under nonstress conditions The relative exclusion of DnaK from nascent chains beis variable among E. coli K-12 strains. In contrast, the low ‫53ف‬ kDa in wild-type cells appears to be due, at tig gene could be deleted in all wild-type strains tested least in part, to the association of these chains with TF.
at 37ЊC and 42ЊC (not shown). Strikingly, under the same experimental conditions in which the dnaK dnaJ operon or the tig gene can be Synthetic Lethality of the tig and dnaK Genes readily deleted in the MC4100 background, sequential The results described above suggested that the loss of deletion of tig and dnaK dnaJ resulted in strict synthetic TF under normal growth conditions might be compenlethality, based on the complete inability of a tig-deleted sated by DnaK and vice versa. Assuming that this chap-MC4100 strain (MC4100 tig::cam R ) to accept the dnaK erone redundancy provides a necessary function, one dnaJ deletion (Table 1) . This genetic result strongly supwould expect that the combined deletion of both the tig ports the conclusions of our functional analysis that and dnaK genes results in a significant growth defect DnaK and TF have partially overlapping functions in proor even in lethality in E. coli. tein folding. Clearly, under nonstress conditions at 37ЊC, In testing this hypothesis, we first confirmed that the E. coli can tolerate the loss of either function but not genes encoding DnaK and its cofactor DnaJ, the dnaK both, suggesting that chaperone binding to nascent and dnaJ operon, can be deleted in the E. coli MC4100 genewly synthesized chains is critical for E. coli growth. netic background at the most physiologically relevant
The synthetic lethality of the dnaK dnaJ deletion in the growth temperature of 37ЊC (Bukau and Walker, 1989 A bacteriophage P1 lysate was grown on strain PK101 thr::Tet R (dnaK dnaJ)::Kan R previously transformed with plasmid pDM38, encoding the intact dnaK dnaJ operon. The transduction plates (L-agar containing 3 mM Na citrate and either 10 g/mL of tetracycline or 70 g/mL kanamycin) were scored following a 40 hr incubation at 37ЊC. Recipient strain W3110 (pDM38) was used as a control to demonstrate that the disrupted (dnaK dnaJ)::Kan R allele can be transduced easily. a These Kan R transductants grew much more slowly than the ones using the W3110 (pDM38 dnaK ϩ dnaJ ϩ ) recipient strain. They did not form colonies at 42ЊC, and at 37ЊC, faster-growing variants readily accumulated. Following a 40 hr incubation at 37ЊC, the Tet R transductants were cross-streaked on kanamycin-containing L-plates to test for the inheritance of the (dnaK dnaJ)::Kan R allele. The ratio of Kan R Tet R transductants to total Tet R transductants is shown in parentheses.
DnaJ (such as dnaK756), the corresponding double mu-(Frank et al., 1995), binding of TF to the ribosome may effectively block access of DnaK. Moreover, very short tants were unable to form colonies at temperatures permissive for the parent dnaK mutants. nascent chains may be relatively inaccessible to the peptide-binding domain of DnaK, even in the absence of TF (see Figure 7D) . Discussion
This study provides evidence that DnaK interacts with a wide range of nascent and newly synthesized polypeptides and defines this bacterial Hsp70 as a major chaperone acting early in de novo protein folding. The finding that DnaK is dispensable under nonstress conditions in certain strain backgrounds can be explained by our observation of partially redundant functions of DnaK and the chaperone TF in binding newly synthesized polypeptides. This conclusion is strongly supported by the genetic result that the combined deletion of tig and dnaK genes causes lethality under conditions where loss of either gene is tolerated. Thus, under nonstress conditions, E. coli depends on at least two essential chaperone functions, provided predominantly by the Hsp70 system in cooperation with TF and by GroEL/GroES.
Sequence of Chaperone Interactions with Nascent Chains
Polypeptide chains that will eventually reside in the cytosol are likely to interact first with TF and then may associate co-or posttranslationally with DnaK (Figure 8 ). Other chaperones, possibly including the less abundant E. coli Hsp70s, may have access to nascent polypeptides as well. Whereas most polypeptides leave DnaK rapidly, certain newly synthesized chains persist on DnaK posttranslationally, reflecting slower intrinsic rates of folding 
